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Abstract 
A statistical estimate model for the anisotropic diffuse fraction as a function of clearness index KT is proposed to 
estimate  hourly, daily and monthly diffuse irradiations. Global, diffuse and direct solar irradiances were provided by 
the Laboratory of Solar Radiometry of Botucatu-UNESP (latitude 22.9º South, longitude 48.45º West, altitude 745 
m). The period assigned for the study comprised the years 1996 to 2002. Global solar irradiance was measured by an 
Eppley PSP pyranometer, direct irradiance by an Eppley Nip pyrheliometer and diffuse irradiance by an Eppley PSP 
pyranometer under the Melo-Escobedo-Oliveira shadowring (radius of 40cm and width of 10cm). Isotropic and KT 
corrections were applied in diffuse irradiance. The proposed model was compared to classic models reported in the 
literature, with good results according to the MBE and RMSE statistical indicators for hourly, daily and monthly 
partitions, respectively. The results showed that the inclusion of KT correction improved the performance of the 
shadowring MEO according to  MBE values for the three partitions: hourly, reduction from -7.21% to -1.74%; daily 
from -4.70% to 0.88% and monthly from -6.58% to -1.18%. 
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1. Introduction  
Information on solar potential is required in many scientific areas such as climatology, architecture, 
agriculture, passive lighting and satellite estimates. In general, this information is used as an input for 
models of energetic conversion, thermal comfort and energy balance. 
Most weather stations in the world routinely measure only global solar radiation, whereas 
measurements of direct and diffuse radiation are less frequent due to the high cost of the   devices   
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involved. So, for locations that measure only global solar radiation, the use of statistical equations is 
recommended for estimation of direct and diffuse radiation [1,2]. 
The pioneering work for estimating diffuse radiation from global radiation was proposed by Liu and 
Jordan [3], correlating the diffuse fraction (ratio of diffuse to global radiation) as a function of 
atmospheric transmissivity (ratio of global to extraterrestrial radiation). Although this correlation was 
originally developed for daily values [4], several researchers have used this procedure for estimating  
diffuse radiation for other time-partitions, such as 5-minute average [5], hourly [6-9] and monthly 
partitions [10,11]. 
There are several estimate models in the literature relating the diffuse fraction with parameters such as 
altitude, latitude, solar altitude, atmospheric turbidity, water vapor, temperature, relative humidity and 
cloud distribution. However, the concentration of these parameters shows temporal and spatial 
dependence causing variability in   diffuse radiation values [12,13]. In addition to these parameters, 
measurement techniques and instrumentation can also be sources of inaccuracy in   estimate models of 
diffuse radiation. 
 
1.1. MEO Shadowring Diffuse Measuring Method  
 
Many estimate models of the diffuse fraction were developed from values of diffuse radiation 
measured by the shadowring measurement method because of low cost, easy maintenance and optimal 
operation. In this method, the ring is oriented perpendicularly to the polar axis and at an angle equal to the 
local latitude. It shades the band center point from sunrise to sunset. An instrument is placed at this point 
and allows measurement of diffuse radiation for extended periods of time. Fig 1 shows the three well-
known shading setups: Drummond, Robinson and MEO setups.  
 
   
 
Figure 1. Shadowring setups: Drummond, Robinson-Stoch and MEO. 
 
In Drummond’s setup, the sensor is fixed and the shadowring is translated parallelly to the polar axis 
to compensate the solar declination [14]; in Robinson’s setup, the sensor is fixed in the center of the 
shadowring and the shadowring is rotated around its center to compensate the solar declination [15]; in 
MEO’s setup, the shadowring is fixed and the sensor is translated parallelly to the local horizontal plan in 
a mobile base to compensate the solar declination [16,17]. 
A drawback of the shadowring method is the use of correction factors to compensate the diffuse 
irradiance blocked by the shadowring [14,18-21]. The correction most commonly used is based on the 
isotropy of the radiation, which depends on geometrical (the ring length and width) and geographical 
(latitude and solar declination) factors. However, the isotropic correction does not take into account the 
circumsolar radiation. This radiation is due to scattering of direct radiation through small angles by the 
atmospheric particles (aerosols, water vapor, and sky coverage) and is a result of the anisotropy of 
radiation. 
For modeling purposes, it was expected that the best results were achieved with the diffuse radiation 
obtained by the difference between the global and direct radiation, since such a method does not require 
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correction factors. However, in this case the uncertainty is high due to the uncertainties combination of 
the two measuring apparatus [33]. A good alternative is the use of diffuse radiation measured by the 
shading disc method. Meanwhile, this method has high cost maintenance associated with solar tracking. 
In addition, preliminary studies for Botucatu show that the shading disc method suffers from the effects of 
anisotropy in the same way as the shadowring method. Thus, most estimate models use diffuse values 
measured by the shadowring method. However, these models underestimate diffuse radiation because 
only the isotropic correction is applied. Therefore, to improve the accuracy of such estimate models, a 
second correction based on the atmospheric transmissivity (KT correction) is required on diffuse values 
[22-24]. 
The objective of this paper is to propose a model for estimating diffuse solar irradiation on hourly, 
daily and monthly mean partitions of time and compare them to classical models from the literature. The 
diffuse radiation was previously corrected with the isotropic and KT corrections on 5-minute-mean time 
partition and the values were subsequently integrated into daily, hourly and monthly mean energetic 
partitions of time.  
2. Methodology  
2.1. Local and Climate 
 
The present study is based upon measurements recorded by the Solar Radiometric Laboratory during 
the years 1996 to 2002. A total of 5 years of data were used for development of estimate models (1996-
2000), while the other remaining two years were used for validation purposes (2001-2002). The Solar 
Radiometric Laboratory is located in the Botucatu Campus of Sao Paulo State University (22 54'S, 48 
27'W, 716 m). Botucatu (Fig. 2) is a semi-rural town surrounded by sugar cane and eucalyptus crops with 
127,328 inhabitants, few industries and the economy based upon services. 
 
Figure 2. Map of Brazil with divisions of states showing the sampling site (Botucatu in the State of São Paulo) 
 
According to Köppen climate classification the local climate is Cwa (humid subtropical climate - 
mesothermal) with hot and humid summers and dry winter. The air temperature and relative humid values 
follow solar astronomical variations, and maximum and minimum values are 23.12 °C (February) and 
17.10 °C (July) for air temperature and 78.25% (February) and 63.97% (August) for relative humidity, 
respectively. The rainy season occurs in the summer and spring, with high cloudiness, when there are 
more than 80% of  total annual rainfalls with maximum value in January (246,2 mm). In this period 
rainfall is convective and caused by intense evaporation of wet and heated surfaces. Rain occurs mainly in 
the afternoons and early evenings, it has great spatial variability, intensity is moderate to strong, and 
duration is short. In dry seasons (winter and autumn), monthly mean precipitation is less than 100 mm 
with minimum value in August (36.10 mm). In this period,   rainfall is frontal caused by the meeting of 
cold and dry masses from the south with warm and humid masses from the Amazon region. This rain falls 
over a wide area, intensity is low to moderate and duration is long (hours or days) depending on the speed 
of the front. With regard to aerosols emitted into the atmosphere, industries and motor vehicles are the 
 Alexandre Dal Pai et al. /  Energy Procedia  57 ( 2014 )  1150 – 1159 1153
main emitters of particulate matter. However, the study area is surrounded by 70 cities with high 
emissions   of particulate matter as a result of burning of sugar cane, especially in the winter. The highest 
aerosol concentration occurs in this period due to lack of rainy days, thus preventing the deposition of 
particulate matter [25]. 
 
 2.2. Instrumentation, Quality Control Procedure and Statistical Error Tests 
 
Global solar irradiance IG was measured by an Eppley - PSP pyranometer (K = 7,45 V/Wm-²);  direct 
normal solar irradiance Ib by an Eppley-NIP pyrheliometer (K = 7,59 V/Wm-²) fitted to a ST-3 sun 
tracking device; and  diffuse solar irradiance IdM by an Eppley-PSP pyranometer (K = 7,47 V/Wm-2) fitted 
to a MEO Shadowring (radius of 0,40m and width of 0,10m). According to [26,27], the uncertainty is 
2.7% for Eppley pyrheliometer and 4.1% for Eppley pyranometers. Recent studies have shown concerns 
regarding the use of PSP pyranometers, limiting their application when they do not have appropriate 
thermal corrections [33]. The Solar Radiometric Station has additional solar radiometers used annually 
just for benchmarking  of devices routinely used, through  the comparative method. 
The MEO Shadowring diffuse irradiance was corrected using the geometric factors proposed by [17] 
(eq. 1 and eq.2). 
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where b is the ring width, R the radius of the ring, G the solar declination, I the latitude, Z the hourly 
angle and TZ the zenital angle. Additional corrections were also applied and they took into account the 
anisotropic behavior of scattering caused by the interaction of radiation with the atmosphere. Corrections 
based on anisotropic parameters such as atmospheric transmissivity KT (ratio of global to extraterrestrial 
radiation), zenital angle and turbidity atmospheric improve the precision of the shadowring diffuse 
irradiance [18] where the KT parameter is the best representative parameter of the anisotropic conditions 
of the sky [22]. So, KT corrections were proposed by Dal Pai [24] for particular KT intervals [28] and are 
similar to corrections found in the literature [18-23]. The effects of optical air mass are more significant 
for shorter time partitions. In the present study we use longer time partitions (hourly, daily and monthly-
mean), so we consider only the KT intervals. Table 1 shows the KT corrections for specific KT intervals. 
 
Table 1. Correction factors based on KT intervals for MEO Shadowring diffuse irradiance. 
 
KT Interval Correction Factors 
0 ≤ KT < 0.35 0.975 
0.35 ≤ KT < 0.55 1.034 
0.55 ≤ KT < 0.65 1.083 
0.65 ≤ KT < 1 1.108 
 
The integrated use of geometric and KT corrections allowed 1% difference between true and measured 
diffuse irradiance and shows the same order of magnitude of some correction models found in the 
literature [22,23,29]. The true diffuse irradiance IdTRUE was calculated by the difference between global 
and horizontal direct irradiances given by (eq. 3).  
 
ZBGdTRUE III Tcos  ( 3) 
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According to [26,27], the uncertainty of the true diffuse is 4.9% and it is a result of  uncertainties of 
the pyranometer (global) and pyrheliometer (direct). However, true diffuse irradiance errors can reach 
50–80% for clear winter skies when using a thermally-uncorrected PSP [33]. A Campbell Scientific 
datalogger model Cr23X was used to monitor and   store solar irradiance data. The values were scanned at 
5 s intervals and average values at 5 min intervals were calculated and stored. Every morning values were 
transmitted to a computer via a storage module model SM-192. 
Solar irradiance data underwent quality control to ensure reliability of the measures. Measured values 
which did not fit the boundary conditions were discarded. The cut values are due to misalignment, 
damaged wires, lack of electricity and shadowring internal reflections due to low solar altitude. Table 2 
shows the boundary conditions [29].  
 
Table 2. Quality control filters and results. 
 
Solar Irradiance Type Filter 
Global IG < IO 
Normal Incident Beam Ib ≤ ISC 
Shadowring Diffuse 0.1 IG ≤ IdM < IG 
True Diffuse 0 ≤ Id ≤ ISC 
 
Solar irradiances were integrated into hourly and daily partitions [30]. The monthly mean partition 
was obtained by the daily values. Atmospheric transmissivity TK  (ratio of global to extraterrestrial 
irradiation) and diffuse fraction DFK  (ratio of diffuse to global irradiation), used for modeling purposes, 
were calculated by (eq. 4) and (eq. 5) for hourly, daily and monthly mean partitions and given by hTK , 
d
TK , 
m
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The evaluation of the numerical corrections was based on mean bias error MBE, root mean square 
error RMSE and t test statistical indicators [31] given by the (eq. 6), (eq. 7) and (eq. 8) respectively.  
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where yi is the estimated values, xi the measured values and N the number of observations.  MBE provide 
information on  long-term performance of a model. A positive value means an overestimation, whereas a 
negative one means an underestimation.  A drawback of this indicator is that overestimation of an 
individual observation will cancel underestimation in a separate observation.  RMSE provide information 
on the short-term performance of a model by allowing a term by term comparison of the actual difference 
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between the estimated value and measured value. While a high value means large scattering, a low one 
means little scattering. A drawback of this indicator is that a few large errors in the sum can produce a 
significant increase in RMSE. The Student t test allows comparison between calculated and measured 
values. The test also indicates whether a model is statistically significant or not in a confidence interval. 
The lower the t value, the better the performance of the model. T values located outside this interval 
(critical region) indicate that the parameter used in modeling is not statistically significant. 
 
3. Results and Discussion  
3.1. Model for estimating diffuse solar irradiation 
 
Many models for estimating the diffuse radiation in the literature are based on the isotropy of 
radiation, which takes into account only the uniform spreading of the radiation striking the existing 
particulate matter suspended in the atmosphere. However, because of the atmospheric dynamics, this 
scattering is not uniform and has higher directional flow toward the earth-atmosphere. The non-uniform 
scattering of radiation due to different sizes of particles found in the atmosphere (aerosols and water 
vapor) produces the effect of anisotropy of radiation [5].  
The amount of data has been reduced after the application of quality control (Tab. 3). The largest 
reduction occurred in hourly partition (-7.6%) because of great variability due to the optical mass near 
sunrise and sunset [5]. For daily and monthly-mean partitions, the reduction was 1.4% and 1.7%, 
respectively. 
Levels of anisotropy are different for different sky coverage, increasing as the sky becomes clear [23]. 
In that sense, before the development of the model, the isotropic (eq. (1) and (2)) and KT corrections (Tab. 
1) were applied to the diffuse values. 
The experimental values of diffuse fraction DFK  and atmospheric transmissivity TK  were correlated 
in TDF xKK  graphical form. Fig 3 shows the hourly ( hThDF xKK ), daily ( dTdDF xKK ) and monthly mean 
( mT
m
DF xKK ) correlations, respectively. 
Some hourly and daily DFK  values were greater than 1 for overcast sky coverage indicating diffuse 
radiation higher than global radiation. This represents an improbable physical situation, since in this 
coverage, the direct radiation is almost zero because it is blocked by clouds, so the diffuse radiation is at 
most equal to the global radiation. This situation occurred because of the application of isotropic 
correction, especially in the summer, where this correction reaches a maximum value (25%) [17]. The 
region of Botucatu is characterized by two well defined seasons (dry winter with low cloudiness and 
humid summer with high cloudiness), with greater probability of occurrence of overcast sky in the 
summer, which explains an increase in  diffuse radiation by up to 25% due to the application of isotropic 
correction. On average, this overestimation is about 2.5%, so for this reason the KT correction factor 
applied is less than 1 (0.975) for this KT interval. 
Figure 3 showed that for intermediate TK  values, the scatterring of DFK  decreased towards 
increasing the partition time: greater scattering for hourly, moderate for daily and lowest for monthly-
mean partitions. Shorter partitions respond faster to atmospheric dynamics, allowing a more detailed 
distribution of radiation and justifying the high scattering [5]. For greater partitions of time, such as daily 
and monthly mean partitions, the effects of atmospheric dynamics are smoothed by integrating the 
instantaneous values, decreasing their variability. However, specific information about the distribution of 
radiation is lost [32].  
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Figure 3. Diffuse fraction and atmospheric transmissivity correlations for hourly, daily and monthly mean partitions. 
 
For clear sky coverage, TK  values greater than 0.8 indicate high atmospheric 
transmissivity (greater than 80%), representing an improbable physical situation (absence of atmosphere). 
In this case, the increase in global radiation is due to the increase in diffuse radiation caused by reflections 
of direct radiation in clouds on partly cloudy sky coverage, resulting in an increase in DFK  values, 
especially for shorter time partitions [5]. Therefore, values of this interval will not be considered for 
modeling and validation purposes. 
Because of large amounts of points, it was necessary to represent  DFK  fraction as a 
function of average values. The DFK  fraction was divided into subintervals of 0.025 of TK  for hourly 
and daily partitions and 0.04 for monthly mean partition. Then, the average of  DFK  fraction for each 
subinterval was calculated and represented by open squares in Figure 3. Vertical dotted lines represent the 
limits of application of the models proposed. 
Equations for estimating the hourly, daily and monthly mean diffuse fraction were proposed as a 
function of atmospheric transmissivity (eq. (9)). 
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where An represents the coefficients of  estimate equations, and N the degree of the polynomial. For 
hourly and daily partitions, a 4th degree equation was proposed, while for monthly mean a 1st degree 
equation was proposed, which are similar to equations found in the literature. 
Table 3 shows values of hourly, daily and monthly mean coefficients for the proposed model and 
some coefficients for classical models of literature, with their respective intervals of validity. 
Figure 4 shows the estimate models of diffuse fraction as a function of atmospheric transmissivity for 
hourly, daily and monthly mean partitions, respectively. Closed circles following the solid line represent 
the proposed model, while other lines represent estimate models from the literature. The models showed 
similar trends with respect to the shape of the curves, but with different quantitative levels, indicating that 
the estimate models show temporal and spatial dependence. 
 
3.2. Assessment of estimate models 
 
 Estimated and measured diffuse values were compared in order to perform the validation.  Measured 
values were obtained by the difference method (diffuse is a result of the difference between global and 
direct radiation). Table 4 shows results of validation of the estimate models using the MBE, RMSE and t 
test statistical indicators. 
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Table 3.  Hourly, daily and monthly mean coefficients for proposed model and classical models of literature. 
 
Models Hourly Partition (KhT x KhDF ) 
 Interval Ah0 Ah1 Ah2 Ah3 Ah4 
1) Proposed 0 d Kt  0.75 1.004 -0.074 -0.394 -4.886 4.733 
 0.75 d Kt < 1 0.143 -- -- -- -- 
Literature 
      
1) Hawlader 0 d Kt  0.225 0.915 -- -- -- -- 
 0.225 d Kt < 0.775 1.135 -0.942 -0.388 -- -- 
 0.775 d Kt < 1 0.215 -- -- -- -- 
2) De Miguel  0 d Kt  0.21 0.995 -0.081 -- -- -- 
 0.21 d Kt < 0.76 0.724 2.738 -8.32 4.937 -- 
 0.76 d Kt < 1 0.180 -- -- -- -- 
 Daily Partition (KdT x KdDF ) 
 Interval Ad0 Ad1 Ad2 Ad3 Ad4 
1) Proposed  0 d Kt  0,73 1.005 -0.360 3.634 -14.581 10.998 
 0.73 d Kt < 1 0.121 -- -- -- -- 
Literature 
      
1) Newland 0.10 d Kt  0.71 0.971 0.561 -3.353 1.034 0.514 
 0.71 d Kt < 1 0.18 -- -- -- -- 
2) De Miguel 0 d Kt  0.13 0.952 -- -- -- -- 
 0.13 d Kt < 0.80 0.868 1.335 -5.782 3.721 -- 
 0.80 d Kt < 1 0.141 -- -- -- -- 
 Monthly-Mean Partition (KmT x KmDF ) 
 Interval Am0 Am1 Am2 Am3 Am4 
1) Proposed  0.30 d Kt  0.70 1.381 -1.783 -- -- -- 
Literature 
      
1) Lalas 0.30 d Kt  0.70 1.27 -1.45 -- -- -- 
2) Iqbal 0.30 d Kt  0.70 0.958 -0.982 -- -- -- 
 
 
   
Figure 4. Diffuse fraction estimate models for hourly, daily and monthly mean partitions. 
 
For hourly partition, although the proposed model showed the smallest value for t-test, all estimate 
models showed t-test values greater than the critical value, indicating that the TK  parameter used in the 
estimation is not statistically significant. So, more studies should be conducted in order to find out other 
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parameters in addition to TK  atmospheric transmissivity to explain hourly variations of the diffuse 
radiation. For daily partition, the proposed model was statistically significant, with t-value calculated 
(1.084) less than critical t-value (1.635). The other models presented t-value calculated greater than 
critical t-value. Therefore, they are not recommended for using in Botucatu, since they were developed 
for different atmospheric conditions. For monthly mean partition, the proposed model presented 
calculated t-value (0.665) less than the critical t-value (1.711). Therefore, this model is statistically 
significant to estimate the monthly mean diffuse radiation. All other models had t-values in the critical 
region, and therefore should not be used to estimate monthly mean diffuse radiation in Botucatu. 
In general, estimate models from the literature were not suitable for estimation of diffuse radiation in 
Botucatu since they were designed for locations with different weather conditions and did not take into 
account the anisotropic aspect of radiation. 
 
Table 4. Comparison of estimated and measured hourly, daily and monthly mean diffuse radiation for Botucatu-SP. 
 
Models Hourly Partition     
 N (hours) MBE (MJ/m²) RMSE (MJ/m²) ts tc 
Proposed 7321 -0.010 0.220 3.722 1.645 
Hawlader 7321 0.054 0.235 20.44 1.645 
De Miguel et al 7321 0.078 0.219 32.44 1.645 
 Daily Partition     
 N (days) MBE (MJ/m²) RMSE (MJ/m²) ts tc 
Proposed  670 0.059 1.400 1.084 1.645 
Newland 670 0.591 1.513 10.96 1.645 
De Miguel 670 0.712 1.710 11.83 1.645 
 Monthly-Mean 
Partition 
    
 N (months) MBE (MJ/m²) RMSE (MJ/m²) ts tc 
Proposed  24 -0.079 0.571 0.665 1.711 
Lalas 24 1.542 1.594 18.26 1.711 
Iqbal 24 0.667 0.897 5.33 1.711 
      
4. Conclusions  
 
The statistical estimate model for estimating diffuse fraction as a function of atmospheric 
transmissivity proposed in this work showed the same tendency of polynomial models from the literature 
in hourly, daily and monthly mean partitions.  
Results of the validation of the estimate models showed that the estimate models based on the 
anisotropy and isotropy of the radiation are more accurate than estimate models that take into account 
only the effects of the isotropy of radiation. On average, for the three partitions, the isotropic estimate 
model showed an inaccuracy of 6% compared to 1.5% of the estimate model that takes into account both 
anisotropy and isotropy effects of radiation.   
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